ABSTRACT
INTRODUCTION
Corrosion is a fundamental process playing an important role in economics and safety‚ particularly for metals. The use of inhibitors is one of the most practical methods for protection against corrosion‚ especially in acidic media [1] . Most well-known acid inhibitor are organic compounds containing nitrogen‚ sulfur‚ and oxygen atoms. Among them‚ organic inhibitors have many advantages such as high inhibition efficiency‚ low price‚ low toxicity‚ and easy production [2] [3] [4] [5] . Organic heterocyclic compounds have been used for the corrosion inhibition of iron [6] [7] [8] [9] [10] [11] [12] , copper [13] , aluminum [14] [15] [16] , and other metals [17, 18] in different corroding media. The adsorption of the surfactant heterocyclic compounds on the metal surface can markedly change the corrosion-resisting property of the metal [19, 20] and so the study of the relations between the adsorption and corrosion inhibition is of great importance. Heterocyclic compounds have shown a high inhibition efficiency for iron in both HCl [21] [22] [23] [24] and H 2 SO 4 [25] solutions. The effect of two pyrazole-type organic compounds, namely ethyl 5,50-dimethyl-10H-1,30-bipyrazole-3 carboxylate (P1) and 3,5,50-trimethyl-10H-1,30-bipyrazole (P2) on the corrosion behavior of steel in 1MHCl solution was investigated [26] at 308 K by *Corresponding author: Abd El-Aziz S. Fouda E-mail: asfouda@hotmail.com Paper received: 12. 10. 2016. Paper accepted: 10. 11. 2016 . Paper is available on the website: www.idk.org.rs/journal weight loss measurements, potentiodynamic polarization and impedance spectroscopy (EIS) methods. The inhibition of corrosion of steel in molar hydrochloric acid solution by two bipyrazolic compounds is studied [27] by weight loss and electrochemical polarization measurements. The two methods give consistent results. Some antipyrine compounds have been studied as corrosion inhibitors before [28] we also used some derivatives of it to inhibit corrosion of CS in 1M HCl. The inhibition effect of vanillin (4-hydroxy-3-methoxy-benzaldehyde) and protocatechualdehyde (3,4-dihydroxy-benzaldehyde) in hydrochloric acid medium on steel with known composition has been investigated [29] .
The objective of the present work is to investigate the inhibiting action of some antipyrine derivatives in 1M HCl at 25 o C using different electrochemical techniques.
EXPERIMENTAL METHOD

Materials and methods
The working electrode was made from CS rod. The rod was mounted into a glass tube and fixed by araldite leaving a circle surface geometry of 1 cm diameter to contact the test solution. Prior to each experiment, the working electrode was polished with a different grades of emery paper up to 1200 grit, rinsed with acetone and finally with doubly distilled water. The auxiliary electrode was platinum wire, while reference electrode was a saturated calomel electrode (SCE). These electrodes were connected to conventional electrolytic cell of capacity 100 ml. The experiments were conducted in 1M HCl solution and with different ZASTITA MATERIJALA 58 (2017) broj 1 6 concentration (1x10 -6 , 3 x10 -6 , 6x10 -6 , 9x10 -6 , 15x10 -6 , 18x10 -6 . Stern-Geary method [31] used for the determination of corrosion current is performed by extrapolation of anodic and cathodic Tafel lines to a point which gives log i corr and the corresponding corrosion potential (E corr ) for inhibitor free acid and for each concentration of inhibitor. Then i corr was used for calculation of inhibition efficiency and surface coverage (θ) as below:
Where i corr(free) and i corr(inh) are the corrosion current densities in the absence and presence of inhibitor, respectively. Impedance measurements were carried out in frequency range from 100kHz to 10mHz with amplitude of 5 mV peak-to-peak using ac signals at open circuit potential. The experimental impedance were analyzed and interpreted on the basis of the equivalent circuit. The main parameters deduced from the analysis of Nyquist diagram are the resistance of charge transfer R ct (diameter of high frequency loop) and the capacity of double layer C dl which is defined as:
Where f max is the maximum frequency. The inhibition efficiencies and the surface coverage (θ) obtained from the impedance measurements were defined by the following relation: The electrode potential was allowed to stabilize 30 min before starting the measurements. All the experiments were conducted at 25±1°C. Measurements were performed using Gamry (PCI 300/4) Instrument Potentiostat/Galvanostat/ZRA. This includes a Gamry framework system based on the ESA 400. Gamry applications include DC105 for corrosion measurements and EIS300 for electrochemical impedance spectroscopy along with a computer for collecting data. Echem Analyst 5.58 software was used for plotting, graphing, and fitting data.
RESULTS AND DISCUSSION
Polarization method
Figures 1&2 depict the Potentiodynamic polarization curves of CS immersed in HCl solution contains different concentrations of inhibitors 1 & 2 respectively. The corrosion parameters are presented in Table 1 . In the presence of inhibitors, the corrosion potentials are shifted to both cathodic and anodic sides. The largest shift evidenced by the two inhibitors system is 34 mV and 31 mV. Therefore, it is ensured that the system functions as mixed type inhibitors. Simultaneously, in the presence of inhibitors, the corrosion current decreases ( Table 1 ). The decrease in the corrosion rate indicates that the adsorption of the inhibitors on the metal surface block the active sites and inhibit corrosion and reduce the corrosion rate with the protective film formation on the metal surface. 
Adsorption isotherm
Adsorption isotherms are very important in determining the mechanism of organ electrochemical reaction. The most frequently used isotherms are Langmuir, Frumkin, Hill de-Boer, Parsons, Temkin, Flory-Huggin and Freundlich. Basic information on the interaction between the inhibitor and the CS surface can be provided by the adsorption isotherm and in general, inhibitors can function either by physical (electrostatic) adsorption or chemisorptions with the metal. To obtain more information about the interaction between the inhibitors and CS surface, different adsorption isotherms were used. The fractional surface coverage Ɵ at different concentrations was determined from the potentiodynamic polarization measurements data using the Eq.1. The Langmuir isotherm is presented in the Eq.:
Where K is the adsorption equilibrium constant, C is the concentration of the inhibitor. The adsorption equilibrium constant K is related to the free energy of adsorption ΔG o ads as:
is the molar concentration of water, R is the gas constant, T is thermodynamic temperature in K.
The linear relationship obtained on plotting C/Ɵ as function of C, with slope of unity was shown in 
Electrochemical frequency modulation (EFM) method
The EFM technique is used to calculate the anodic and cathodic Tafel slopes as well as the corrosion current densities for the investigated compound. Figures (4,5) show the EFM intermodulation spectra (spectra of current response as a function of frequency) of C-steel alloy in 1M HCl. The calculated electrochemical parameters (i corr , β c , β a , CF-2, CF-3 and %IE) are given in Table (3) . The values of causality factors obtained in absence and presence of investigated compounds. It shown from the Table that the corrosion current density decreases with increasing the concentration of the investigated compounds with respect to blank and hence the inhibition efficiency increases and indicate that the investigated compounds inhibit the acid corrosion of the alloy through adsorption [32] . 
C Slika 4. EFM intermodulacijski spektri CS u 1M HCI u prisustvu inhibitora (1) na 25°C Table 3. Electrochemical parameters for CS determined from potentiodynamic polarization curves in1 M HCl solution without and with the addition of different concentrations of studied inhibitors at 25°C Tabela 3. Elektrohemijski parametri za CS određeni iz potentiodinamičkih polarizacionih krivih u 1 M HCI bez i sa dodatkom različitih koncentracija ispitivanih inhibitora na 25°C
. EFM intermodulacijski spektri CS u 1M HCI u prisustvu inhibitora (2) na 25°C
Electrochemical impedance spectroscopy (EIS) method
The effect of inhibitor concentration on the impedance behavior of CS in 1M HCl solution at 25 ºC is presented in Figures (6 a, b & 7 a, b) as Nyquist and Bode plots. The curves show a similar type of Nyquist plots for CS in the presence of various concentrations of investigated inhibitors. The existence of single semi-circle showed the single charge transfer process during dissolution which is unaffected by the presence of inhibitor molecules. Deviations from perfect circular shape are often referred to the frequency dispersion of interfacial impedance which arises due to surface roughness, impurities, dislocations, grain boundaries, adsorption of inhibitors, and formation of porous layers and in homogenates of the electrode surface [33] . The AC impedance parameters are given in Table 4 . It is obvious from this Table that 
Quantum Chemical Study
It is known that the energy of highest occupied molecular orbital (E HOMO ) often associated with the electron donating ability of the molecules. High values of E HOMO indicate a tendency of the molecule to donate electrons to act with acceptor molecules with low-energy, empty molecular orbital. Similarly, the energy of lowest unoccupied molecular orbital (E LUMO ) represents the ability of the molecule to accept electrons. The lower value of E LUMO suggests that the molecule accepts electrons more probably [34] . The calculated quantum chemical indices, E HOMO , E LUMO , energy gap (ΔE) and dipole moment (μ), of investigated compounds are calculated and are shown in Table  5 . Inhibition efficiency increases with increasing values of E HOMO , dipole moment and with decreasing values of E LUMO . The results seem to indicate, that charge transfer from the inhibitor takes place during the adsorption on the metal surface. Increasing values of E HOMO and may facilitate adsorption and hence, inhibition by influencing the transport process through the adsorbed layer [35] . Similar relations were found between the inhibition efficiency and the energy gap ΔE [36] . Lower values of the energy gap will render good inhibition, because the energy to remove an electron from the last occupied orbital will be low. The dipole moment is another way to obtain data on electronic distribution in a molecule and is one of the properties more used traditionally to discuss and rationalize the structure and reactivity of many chemical systems [37] . The values of E HOMO show the relation 1>2 for this property. In addition, the values of the energy gap ΔE show the relation 2 >1 for this property. The results of Table 5 show that the values of μ (dipole moment) decreases in the following order: 2 >1. Some authors showed that an increase of the dipole moment leads to decrease of inhibition and vice versa, suggesting that lower values of dipole moment will favor accumulation of inhibitor in the surface layer [38] . In contrast, the increase in the dipole moment can lead to increase of inhibition and vice versa [39, 40] , which could be related to the dipole-dipole interaction of molecules and metal surface. The higher the value of μ obtained is coherent with the second explanation indicating stronger dipoledipole interactions of inhibitor molecules and metallic surface. 
Mechanism of corrosion inhibition
A clarification of mechanism of inhibition requires full knowledge of the interaction between the protective compound and the metal surface. Many of the organic corrosion inhibitors have at least one polar unit with atoms of nitrogen, sulphur, oxygen and phosphorous. It has been reported that the inhibition efficiency decreases in the order O > N > S > P. In addition iron is well known for its coordination affinity to heteroatom bearing ligands [34] . In HCl acid medium, molecule exist as protonated species and it is assumed that Cl -ions are first adsorbed on the metal surface and the net positive charge on the metal surface enhances the specific adsorption of chloride ions [41] . Generally, in acid solution the inhibition of metallic corrosion occurs through (i) electrostatic interaction of protonated molecules with already adsorbed chloride ions (ii) donor-acceptor interactions between the π-electrons of aromatic ring and vacant d-orbital of surface iron atoms (iii) interaction between unshared electron pairs of heteroatoms and vacant d-orbital of iron surface atoms [42] . In the present study, the values of ΔG o ads are less than 40 kJ mol -1 . Hence, it shows the adsorption of the inhibitor molecules on the surface of CS predominantly takes place by the physical and chemical adsorption. Compound 1 is more effective corrosion inhibitor than compound 2. This is due to it has higher molecular size, which may cover larger area from CS surface and also has one additional phenyl ring in its structure.
